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An  earlier  model  intestine  test  indicated  that  there  was  a  direct  cor¬ 
relation  between  surface  deformation  and  bubble  locations.  Such  deformation 
was  the  result  of  local  stress  concentration  and  believed  to  be  the  cause  of 
^GI)  blast  injury.  The  present  work-  was  intended  to  determine  the  connection 
between  injury  and  bubble  sites  in  a  real  GI  specimen. 

An  isolated  GI  tract  placed  in  a  transparent  test  chamber  would  allow  us 
to  closely  observe  the  blast/GI  interaction  process.  The  feasibility  of  using 
an  isolated  GI  tract  as  the  test  specimen,  however,  needed  to  be  verified. 
Furthermore,  since  there  were  numerous  parameters  that  could  contribute  to  the 
GI  blast  injury,  it  would  be  desirable  to  identify  the  ones  that  had  the  most 
direct  impact  on  the  injury  threshold. 

The  result  from  this  series  of  tests  indicated  that  the  approach  of  using 
an  isolated  GI  tract  was  a  viable  one  when  the  complete  GI  loop  was  used  in 
the  test.  Moisture  and  temperature  control  were  found  to  be  crucial  in  main¬ 
taining  the  GI  material  properties,  both  during  the  test  and  during  specimen 
preparation.  Furthermore,  it  was  found  that  the  following  parameters  had 
direct  impact  on  the  GI  blast  injury:  the  amount  of  air  in  the  GI,  GI  internal 
pressure,  vascular  pressure,  material  strength,  blast  loading  magnitude,  and 
the  number  and  rate  of  the  blast  applied.  Three  types  of  blast  injuries  were 
identified:  mucosal  bleeding,  serosal  bleeding,  and  wall  rupture.  c. 

Based  on  these  findings,  it  was  recommended  that  a  more  in-depth  study  on 
the  causal  relationships  between  those  identified  parameters  and  blast  in¬ 
juries  be  carried  out.  Both  high  speed  movies  and  pressure  measurements  should 
be  used  to  acquire  the  information  to  help  understand  the  mechanism  of  GI 
blast  injury. 
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In  conducting  the  research  described  in  this  report,  the  investigators 
adhered  to  the  "Guide  for  the  Care  and  Use  of  Laboratory  Animals,"  prepared  by 
the  Committee  on  Care  and  Use  of  Laboratory  Animals  of  the  Institute  of 
Laboratory  Animal  Resources,  National  Research  Council  (DHEW  Publication  No. 
(NIH)  78-23,  Revised  1978). 
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1.  INTRODUCTION 


It  has  been  established  that  a  single,  strong  blast  overpressure  (BOP) 
will  induce  damage  to  lung,  larynx,  and  gastrointestinal  tract.  It  is  also 
known  that  repeated  blast  would  cause  similar  types  of  injury  at  lower  BOP 
levels.  Since  the  affected  organs  are  all  gas-containing,  it  has  been  hypothe¬ 
sized  that  the  presence  of  air  bubbles  was  necessary  for  blast  Induced  stress 
concentration  and  the  observed  injury. 

Though  blast-related  pulmonary  injury  has  attracted  much  attention  and 
research  effort,  little  progress  has  been  made  with  regard  to  GI  tract  injury. 
Since  field  tests  conducted  at  Lovelace  ITRI  suggested  that  GI  tract  injury 
has  a  lower  threshold  level,  there  is  more  concern  regarding  the  nature  of  the 
mechanism. 

As  a  first  step  in  understanding  the  injury  mechanism  and  to  provide  some 
direct  visual  evidence  on  the  relationship  between  the  presence  of  air  bubbles 
and  the  location  of  GI  injury,  JAYCOR  initiated  an  in-house  experimental  pro¬ 
gram.  The  objective  was  to  study  whether  there  was  a  direct  correspondence 
between  surface  deformation  and  bubble  location  under  blast  loading.  In  this 
study  model  intestines  made  of  transparent  polyethylene  membrane  were  filled 
with  water  or  toothpaste  to  simulate  different  GI  contents.  A  predetermined 
quantity  of  air  was  injected  into  each  model  to  simulate  a  gas  bubble. 

The  test  samples  were  Installed  in  a  water-filled  test  chamber  and  a 
water  jet  impactor  developed  by  JAYCOR  was  used  to  deliver  the  impact.  Inter¬ 
action  between  Impact  loading  and  surface  deformation  was  recorded  by  high 
speed  movies  for  subsequent  analysis.  It  was  shown  that  there  were  consider¬ 
able  surface  deformations  at  the  bubble  location  and  that  the  deformation 
propagated  out  radially  as  ripples  on  the  tube  wall.  The  more  viscous  model 
contents  (toothpaste)  had  a  much  greater  damping  effect,  forcing  the  deforma¬ 
tion  to  concentrate  in  a  more  limited  region  than  that  of  the  less  viscous 
water.  It  was  concluded  that  the  locations  of  air  bubbles  do  indeed  match  the 
sites  of  stress  concentrations. 

The  same  phenomenon  was  also  illustrated  by  numerical  modeling.  When 
appropriate  choices  of  tissue  properties  and  loading  characteristics  were 
given,  surface  deformation  was  found  to  take  place  at  the  bubble  site. 

With  the  causal  relationship  between  bubble  location  and  surface  deforma¬ 
tion  confirmed  for  model  intestines,  the  procedure  was  extended  in  this 
project  to  actual  GI  tract  sections.  Since  there  are  many  parameters  involved, 
it  was  decided  to  conduct  a  scoping  study  with  the  specific  objectives: 

•  Test  the  feasibility  and  establish  the  specific  procedures  required 
for  conducting  GI  blast  loading  tests  in  a  small,  water-filled  test 
chamber. 

•  Identify  the  key  parameters  and  their  causal  relationships  with  GI 
injury. 

•  Carry  out  some  preliminary  tests  in  terms  of  these  parameters. 
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2.  EXPERIMENTAL  FACILITY 


2.1  DESIGN  CONSIDERATIONS 

To  facilitate  laboratory  GI  tract  study,  the  test  setup  should  have  the 
following  capabilities:  reproduce  the  GI  tract  blast  signal,  deliver  impact 
loadings  in  the  appropriate  range,  make  repeated  shots,  and  provide  visual 
information  on  blast/GI  interaction  processes. 

The  blast  signal  in  the  GI  tract  was  generated  by  direct  impact  on  a 
nylon-reinforced  neoprene  diaphragm  in  the  test  chamber.  Different  blast 
intensities  were  achieved  by  varying  the  impact  intensity.  Actual  pressure 
received  by  the  GI  tract  was  monitored  by  a  wall-mounted  pressure  transducer. 
A  typical  blast  signal  in  the  test  chamber  is  shown  in  Figure  1. 

A  transparent  cover  for  the  test  chamber  allows  a  full  view  of  the  GI 
tract.  The  interaction  processes  were  observed  through  this  cover  and  recorded 
by  a  high  speed  movie  camera  while  the  post-shot  damage  was  recorded  by  still 
photographs. 

A  major  concern  regarding  the  test  procedure  was  possible  autolysis  if 
the  time  between  isolation  of  tissue  from  the  body  to  final  blast  test  was  too 
long.  A  time  limit  of  10  minutes  was  suggested  by  Dr.  Robert  Hoyt  of  WRAIR  as 
the  upper  bound.  The  tests  carried  out  in  this  series  were  kept  in  this  limit 
by  using  the  simplified  test  setup  and  following  a  GI  preparation  procedures 
outlined  in  the  next  section. 

To  reduce  the  effect  of  temperature  gradient  on  GI  tract  during  prepara¬ 
tion  and  during  tests,  saline  solution  maintained  at  body  temperature  was  used 
in  both  situations. 

2.2  TEST  FACILITY  AND  INSTRUMENTATION 

Based  on  the  considerations  given  above,  an  8-inch  diameter  horizontal 
impaction,  top-observation-window  test  chamber  was  designed  and  fabricated. 
Figure  2  is  an  engineering  drawing  of  the  test  chamber  and  Figure  3  is  a 
photograph  of  the  test  chamber  installed  in  the  constant  temperature  bath.  The 
temperature  of  the  bath  was  maintained  by  a  Haake  temperature  control  circula¬ 
tor.  Using  this  system,  the  temperature  could  be  maintained  within  ±0.2°C  of 
the  set  temperature. 

A  PCB  piezoelectric  pressure  transducer  was  used  to  monitor  the  pressure 
signals  in  the  test  chamber.  It  has  a  rise  time  of  2  ps  and  a  resonant  fre¬ 
quency  of  500  KHz,  sufficient  to  resolve  the  blast  wave  information  in  the 
test  chamber. 

The  transient  response  of  the  GI  tract  under  impact  loading  was  captured 
by  means  of  a  Fastex  high  speed  movie  camera.  A  frame  rate  of  2500  per  second 
was  found  to  be  sufficient  to  resolve  the  interaction  process. 

Though  initially  a  single  valve  jet  impactor  was  planned  for  delivering 
the  impulse,  threshold  pressure  for  single  shot  injury  was  found  to  be  higher 
than  the  present  impactor  capability.  Mechanical  impacts  of  the  target  dia¬ 
phragm  were  therefore  used  for  all  subsequent  tests. 
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3.  TEST  SPECIMEN  PREPARATION  AND  EXPERIMENTAL  PROCEDURES 


Rabbits  were  chosen  as  the  test  animal  in  this  series  of  tests.  The  GI 
tract  configuration  in  the  animal  is  shown  in  Figure  4.  Figure  5  shows  a  com¬ 
plete  loop  with  various  portions  of  the  GI  tract  grouped  separately.  Though 
sections  of  intestine  were  originally  planned  to  be  the  test  specimens  (Figure 
6),  it  was  found  that  these  specimens  had  little  blood  reserve  and  lost  their 
"liveliness"  quickly.  Test  specimens  prepared  under  these  conditions  would 
require  a  much  higher  and  unrealistic  impact  pressure  to  generate  contusion 
injuries. 

An  alternative  approach  was  to  tie  off  the  sections  to  be  tested  and  make 
all  the  necessary  preparations  with  the  whole  GI  tract  Intact.  The  blast  test 
would  be  carried  out  with  the  whole  GI  tract  immediately  after  separation  from 
the  animal.  This  approach  would  allow  a  large  amount  of  blood  to  be  retained 
in  the  mesentarium  and  hence  simulate  more  closely  the  natural  state  of  the  GI 
tract.  The  test  specimen  prepared  using  this  approach  is  shown  in  Figure  7. 

More  specifically,  the  preparation  involves  the  selection  and  tie-off  of 
the  test  sections  in  situ.  To  begin  with,  one  end  would  be  tied  off  completely 
to  prevent  any  leakage  while  it  was  loosely  tied  at  the  other  end.  A  hypo¬ 
dermic  needle  was  then  used  to  inject  a  predetermined  amount  of  saline  solu¬ 
tion  and  air  bubble  from  the  loose  end.  The  test  section  would  then  be  tied 
off  the  moment  the  needle  was  removed.  A  nominal  intestine  length  of  5  in.  was 
chosen  for  the  tests.  As  will  be  discussed  later,  injection  of  saline  into  the 
test  section  was  found  to  be  necessary  to  induce  any  injury  at  a  reasonable 
impact  pressure. 

It  Is  crucial  to  keep  the  exposed  GI  tract  both  moist  and  at  normal  body 
temperature  during  preparation.  To  do  this,  the  body  of  the  anesthetized 
rabbit  was  submerged  in  a  warm  saline  solution  tub.  An  auxiliary  heat  lamp  was 
used  to  keep  the  exposed  parts  warm.  A  chilled  and  dried  gut  tends  to  get  a 
tougher  texture.  On  the  other  hand,  too  high  a  temperature  discolors  the  test 
specimen.  Both  would  be  evidence  of  change  in  the  natural  properties  of  the 
test  section. 

Heartbeat  and  blood  circulation  would  continue  throughout  the  preparation 
period  until  final  tie-off  of  the  test  sections  and  separation  of  the  whole 
bowel  from  the  body.  Extra  care  was  exercised  to  occlude  all  blood  vessels 
before  dissection  to  prevent  loss  of  blood  from  the  test  specimen. 

A  well  executed  preparation  usually  involves  only  a  few  cuts  to  separate 
the  bowel  from  the  animal  body.  Peristaltic  movement  would  usually  continue, 
even  after  many  impacts  in  the  test  chamber. 

The  general  procedure  for  a  GI  test  usually  involves  the  following  steps: 

1.  Set  up  test  chamber  and  start  the  circulation  of  the  constant  temper¬ 
ature  bath. 

2.  Install  and  test  pressure  transducer  for  monitoring  the  impact  load¬ 
ing. 

3.  Anesthetize  the  test  rabbit  with  ketamine  followed  by  injection  of 
the  combination  of  acepromazine  and  xylazine. 


4.  After  the  drugs  take  effect,  secure  the  rabbit  in  the  constant  tem¬ 
perature  saline  solution  operation  tub. 

5.  Expose  the  GT  tract. 

6.  Inject  heparine  I.V.  in  ear  to  reduce  the  likelihood  of  GI  tract 

blood  coagulation. 

7.  Select  GI  tract  test  sections;  inject  with  predetermined  amount  of 

warm  saline  and  air;  tie  off  the  test  sections. 

8.  Isolate  the  entire  GI  tract  and  blood  circulation  system  from  the 
animal  body. 

9.  Separate  GI  tract  from  body;  place  in  test  support  basket  (Figure  8) 
and  place  in  test  chamber. 

10.  Cover  the  test  chamber  with  the  transparent  lid;  displace  excess 

chamber  air  bubble  by  injection  of  saline  solution  at  bubble  site; 
seal  test  chamber. 

11.  Deliver  blast  loading  by  mechanical  impact. 

12.  Take  high-speed  movies,  when  necessary,  to  record  the  interaction 

between  loading  and  deformation. 

13.  Take  post-shot  still  pictures  to  document  the  injuries. 


4.  GI  TRACT  BLAST  INJURIES 


Depending  on  the  intensity  and  the  number  of  repetitions  there  could  be 
three  different  types  of  GI  injuries.  When  the  GI  tract  is  subjected  to  a 
threshold  blast,  sporadic  small  bruise  marks  are  observed  on  the  GI  wall  (Fig¬ 
ure  9).  A  higher  blast  loading  would  result  in  larger  contusion  regions.  Such 
damage  usually  involves  tom  capillaries  under  the  GI  surface  and  is  known  as 
serosal  bleeding. 

Further  increase  in  blast  intensity  results  in  local  wall  rupture  (Fig¬ 
ures  10  and  11).  This  phenomenon,  however,  was  also  observed  when  the  GI  tract 
was  subjected  to  repeated  impact  even  at  a  much  lower  blast  pressure. 

Though  serosal  bleeding  was  the  most  readily  observable  damage,  mucosal 
bleeding  was  found  to  take  place  at  a  lower  pressure  level.  This  damage  was 
indicated  by  the  appearance  of  dark  shadows  under  the  GI  wall. 

One  specific  test  was  conducted  to  determine  the  mucosal  bleeding 
threshold.  Again,  the  GI  tract  was  prepared  following  the  normal  procedure  and 
impacted  in  the  test  chamber.  After  initial  blast,  contusion  stains  were 
noticed  on  a  few  GI  test  sections  -  the  "threshold"  condition  of  GI  injury. 
However,  when  test  sections  were  cut  open,  blood  had  already  accumulated  even 
in  the  sections  without  apparent  external  injury.  This  phenomenon,  we  believe, 
indicated  that  mucosal  bleeding  took  place  earlier  than  the  externally  observ¬ 
able  contusion,  and  had  a  lower  threshold  value. 

Though  the  actual  case  requires  further  careful  verification,  the  conclu¬ 
sion  appears  plausible.  As  we  know,  nutrition  absorption  in  the  GI  tract  takes 
place  at  the  molecular  level  and  the  tissue  that  separates  nutrients  and  blood 
would  also  be  very  thin  for  ease  of  molecular  exchange.  (A  cross-section  of  a 
typical  intestine  is  shown  in  Figure  13.)  Hence,  unlike  the  blood  vessels 
under  the  external  wall,  tearing  and  bleeding  of  the  internal  tissue  could 
take  place  at  a  much  lower  impact  pressure.  If  mucosal  bleeding  determines  the 
injury  threshold,  a  marker  that  is  capable  of  detecting  traces  of  blood  in  the 
GI  tract  could  then  be  used  as  a  useful  indexing  tool. 

The  actual  injury  progression  is  illustrated  by  the  repeated  blast  re¬ 
sults  shown  in  Figure  12.  Initially  there  were  only  traces  of  small  contusion 
spots,  however,  as  the  number  of  impacts  increased,  the  area  of  injury  spread 
and  the  GI  wall  appeared  to  be  weakened  by  fatigue,  eventually  leading  to  wall 
rupture.  The  rupture  of  the  GI  wall  was  evidenced  by  the  accumulation  of  air 
bubbles  and  staining  of  nearby  saline  solution. 


5.  controlling  nuuNmu  or  ci  injury 


A  number  of  controlling  parameters  that  affected  the  degree  of  Injury  to 
the  GI  tract  were  Identified.  These  are:  the  amount  of  air  present,  GI  inter¬ 
nal  pressure,  vascular  pressure,  material  strength.  Impact  loading,  and  the 
rate  and  number  of  blasts. 

5. 1  AIR  BOBBLE 

High-speed  movies  Indicated  that  during  blast,  considerable  expansion  and 
contraction  took  place  In  the  test  sections  with  Injected  air  whereas  the  test 
sections  without  air  did  not  show  this  expansion  and  contraction.  Since  sur¬ 
face  stress  directly  related  to  deformation,  presence  of  air  bubbles  was 
apparently  the  major  contributor  to  GI  wail  Injury.  Furthermore,  for  a  given 
test  section  large  air  bubbles  tend  to  have  more  volumetric  variations  during 
blast  and  thus  are  more  conducive  to  Injury. 

Field  tests  conducted  at  Lovelace  Indicated  that  stomach,  caecum  and 
large  colon  were  the  general  areas  of  blast  Injury.  Since  these  are  areas 
where  gas  tends  to  accumulate,  the  test  chamber  results  seem  to  substantiate 
this  conclusion.  We  noticed,  however,  that  caecum  and  colon  are  less  suscepti¬ 
ble  to  Injury  and  in  most  Instances  the  small  intestines  were  the  sites  of  any 
substantial  damage  which  occurred.  This  Is  perhaps  the  consequence  of  higher 
material  strength  and  the  effect  of  other  parameters  discussed  below.  Further 
tests  with  each  parameter  carefully  controlled  would  he  required  to  provide  us 
more  insight.  A  more  direct  approach  to  establish  the  one-to-one  correspon¬ 
dence  between  air  bubble  location  and  serosal  Injury  would  be  to  identify  the 
bubble  locations  with  an  ultrasonic  device  and  impact  the  untreated  test 
specimen  and  examine  the  damage  subsequently. 

5.2  INTERNAL  PRESSURE  OP  GI  TRACT 

A  flaccid  gut  with  sufficient  residual  volume  to  accommodate  the  blast- 
induced  gas  bubble  volume  change  is  unlikely  to  exceed  Its  stress  limit  and 
cause  damage.  On  the  other  hand,  a  gut  prestressed  to  Its  full  capacity  would 
easily  exceed  its  material  strength  and  cause  tearing  of  blood  vessels  and 
cause  bleeding. 

To  Illustrate  the  effect  of  initial  state  of  the  gut  on  GI  Injury,  the 
following  test  was  conducted.  Two  sections  of  jejunum  were  chosen:  one  filled 
with  10  cc  warm  saline  and  one  without.  Both  sections  were  then  Injected  with 
an  equal  amount  of  air  (5  cc).  The  test  specimens  were  then  Impacted  in  the 
test  chamber.  As  expected,  only  the  one  filled  with  saline  was  found  to  have 
contusion  Injury. 

Since  the  only  difference  between  the  two  test  samples  was  the  amount  of 
residual  volume  available  In  the  gut,  It  was  concluded  that,  In  addition  to 
the  presence  of  air,  void  ratio  of  the  residual  volume  dictates  the  threshold 
of  Injury.  In  other  words.  If  the  GI  tract  is  empty,  blast  loading  damage 
would  be  unlikely  since  the  pressure  everywhere  would  be  about  the  same.  Simi¬ 
larly  for  the  condition  when  It  is  filled  with  an  Incompressible  fluid  as  Its 
surrounding.  On  the  other  hand,  if  the  gut  is  filled  with  fluid  and  an  air 
bubble  V  ,  then  the  available  residual  volume  will  be  Vt  -  *  V.  In 
this  case,  when  the  gut  is  subjected  to  an  external  dynamic  pressure,  V  will 
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undergo  a  volume  change  corresponding  to  the  pressure  variation.  The  instanta¬ 
neous  pressure  under  which  expands  to  (Vg  +  V)  will  cause  GI  injury. 

5.3  VASCULAR  PRESSURE 

During  the  course  of  this  study,  we  found  that  if  there  was  considerable 
blood  loss  during  preparation,  the  test  specimen  would  require  a  much  higher 
pressure  to  inflict  damage  to  the  GI  tract.  This  is  probably  because  loss  of 
blood  would  reduce  the  vascular  pressure  and  therefore  require  higher  loading 
to  reach  its  tearing  stress  of  the  blood  vessel.  On  the  other  hand,  a  pre¬ 
stressed  artery  or  vein,  similar  to  the  prestressed  gut  discussed  above,  would 
reach  its  limit  of  material  strength  and  exhibit  local  bursting/ tearing  at  a 
lower  level. 

Since  the  actual  blood  vessels  go  through  systolic  and  diastolic  cycles 
as  a  result  of  dicrotic  waves,  depending  on  when  the  blast  takes  place  during 
the  pressure  cycle  the  threshold  magnitude  for  GI  injury  could  be  different.  A 
carefully  controlled  experiment  would  be  necessary  to  define  the  exact  role 
blood  pressure  plays. 

5.4  MATERIAL  STRENGTH  OF  GI  TRACT  AND  BLOOD  VESSELS 

Since  the  apparent  GI  injury  involves  essentially  tearing  of  GI  tissues 
and/or  capillaries,  high  strength  materials  would  require  high  blast  level  for 
damage  to  occur.  In  addition,  the  actual  stress  on  the  material  also  depends 
on  the  configuration  of  the  subject. 

For  example,  assuming  the  intestine  is  a  thin-walled  cylindrical  tube, 
the  mean  tangential  stress  on  the  wall  will  be 


where  p  is  the  internal  pressure,  r  the  tube  radius  and  t  the  wall  thickness. 
This  proportionality  between  a  and  r  implies  that  a  larger  diameter  gut  will 
experience  higher  wall  stress  when  the  internal  pressure  and  the  wall  thick¬ 
ness  are  the  same.  This  means  a  larger  gut  should  be  more  susceptible  to 
injury.  Preliminary  tests,  however,  indicated  that  jejunum  and  duodenum  test 
sections  were  more  susceptible  to  damage  and  were  usually  the  first  to  show 
signs  of  contusion  injury.  Since  these  were  smaller  diameter  organs  and  should 
have  lower  stress,  their  lower  damage  threshold  implies  that  they  probably 
have  lower  material  strengths. 

A  simple  experiment  was  then  carried  out  to  test  the  material  strength  of 
each  portion  of  the  GI  tract.  As  shown  in  Figure  14,  the  test  section  was  con¬ 
nected  to  a  saline  solution  bottle  via  a  hypodermic  needle.  The  static  pres¬ 
sure  in  the  gut  was  varied  by  raising  or  lowering  the  level  of  the  bottle.  It 
was  found  that  the  jejunum  and  duodenum  had  lower  bursting  strengths  than  that 
of  ileum  and  caecum.  The  reason  why  field  tests  didn’t  show  more  damage  in 
these  sections  was  most  likely  due  to  the  fact  that,  in  general,  they  had  less 
content  (less  Internal  pressure),  and  were  less  prone  to  gas  bubble 
production. 

Since  material  strength  plays  an  important  role  in  the  establishment  of 
injury  threshold  and  also  in  our  understanding  of  the  underlying  mechanism,  it 
would  be  necessary  to  quantify  this  parameter  for  each  portion  of  the  GI 


tract.  A  carefully  controlled  experiment  would  be  necessary  to  provide  such 
Information. 

5.5  IMPACT  LOADING 

Higher  Impact  loading  would  Induce  more  volumetric  change  In  the  G1  tract 
and  hence  more  likelihood  of  exceeding  Its  material  strength.  As  discussed 
above,  since  damage  involves  various  parameters  and  are  all  coupled  together. 
It  will  be  necessary  to  quantify  the  threshold  loading  with  each  parameter 
individually  specified. 

Furthermore,  impact  loading  is  a  dynamic  process;  It  Involves  a  different 
loading  mechanism  than  static  loading.  When  the  GI  internal  pressure  Is  In¬ 
creased  gradually,  as  in  the  case  of  bursting  pressure  tests  described  above, 
blood  in  the  capillaries  tends  to  be  squeezed  back  into  the  blood-supplying 
vessels  in  the  mesentarium.  A  slow  loading  with  enough  time  for  blood  to 
escape  would  therefore  be  less  likely  to  cause  contusion  damage.  Under  impact 
loading,  the  pressure  wave  will  propagate  to  everywhere  in  a  relatively  short 
time,  blood  in  the  vessels  is  more  likely  to  be  trapped  and  reach  its  damage 
threshold.  Based  on  the  same  argument,  a  faster  pressure  rise  perhaps  will 
cause  damage  at  a  lower  threshold.  This  could  also  mean  that  pressure  wave 
propagation  speed  might  play  an  important  role  in  defining  injury  threshold. 
However,  since  the  content  of  the  abdomen  is  essentially  similar  to  water,  we 
expect  that  the  wave  speed  will  be  quite  similar  between  the  two.  The  speed  of 
propagation,  however,  could  be  modified  by  the  total  amount  of  air  present  in 
the  test  chamber  due  to  air  injection  in  the  test  sections. 

5.6  REPEATED  LOADING 

As  discussed  earlier,  repeated  impacts  could  cause  material  fatigue  and 
result  in  a  lower  damage  level  for  the  GI  tract.  Blast  repetition  could  cause 
the  area  of  contusion  injury  to  spread  and  induce  new  contusion  sites.  When 
carried  to  the  extreme,  material  fatigue  could  lead  to  gut  wall  rupture  (Fig¬ 
ure  12). 

One  important  parameter  in  repeated  impact  is  the  rate  of  repetition.  It 
is  expected  that  as  the  interval  between  shots  gets  closer  and  closer,  the 
effect  will  eventually  be  similar  to  that  of  the  sum  of  two  single  shots. 
Though  the  threshold  time  spacing  would  be  hard  to  determine,  it  is  antici¬ 
pated  that  if  the  second  impact  arrives  before  there  is  enough  time  for  the 
first  pressure  wave  to  relax,  it  could  result  in  a  cumulative  effect. 


6.  CONCLUDING  REMARKS 


From  the  scoping  experiment  described  In  this  report,  the  following  re¬ 
marks  can  be  made. 

•  Evidence  suggests  that  there  is  strong  correlation  between  the  pres¬ 
ence  of  air  bubbles  and  the  locations  of  GI  wall  contusion. 

•  The  approach  adopted  in  this  report  is  feasible.  It  offers  the  advan¬ 
tages  of  convenience,  control  and  direct  visualization  capability. 

©  For  a  viable  preparation,  temperature  control  and  submersion  in 
saline  during  operation  are  essential.  Using  the  complete  GI  tract 
loop  is  necessary  to  maintain  the  blood  reserve  and  preserve  the 
liveliness  of  the  test  specimen.  Test  sections  should  be  tied  off 
from  the  GI  tract  loop  for  preparation  and  tests;  dissected  small 
sections  will  substantially  alter  the  properties  of  the  GI  tract  and 
are  not  adequate  for  determining  the  injury  threshold. 

•  Three  types  of  injury  were  identified:  mucosal  bleeding,  serosal 
bleeding,  and  wall  rupture.  Mucosal  bleeding  appeared  to  take  place 
earlier  than  serosal  bleeding,  and  wall  rupture  requires  highest 
blast  loading. 

•  Repeated  impact  tends  to  cause  material  fatigue  and  lead  to  earlier 
injury. 

•  GI  tract  injury  depends  on  the  following  parameters:  the  amount  of 
air  present,  internal  pressure,  vascular  pressure,  material  strength, 
loading,  and  number  and  rate  of  blasts. 


Figure  1.  A  typical  impact  signal  (pmax  *  50  psi,  Rise  time  «  3.8  ms 
peak  to  peak  »  8  ms) 
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Figure  4.  Internal  organs  of  a  rabbit  (from  Atlas  of  Topographical  Anatom; 
of  the  Domestic  Animals,  by  P«  Popes ko) 
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Figure  4.  (Cont’d) 
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Figure  6.  Isolated  GI  tract  test  sections  (Marks  show  locations 
of  injected  air  bubbles.) 
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Figure  7.  Complete  GI  tract  with  tied-off  test  sections 
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Figure  8.  Transfer  and  support  basket 


Figure  9.  Contusion  injury 
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Figure  13.  Typical  cross-section  of  the  gut  (from  Text  Book 
of  Medical  Physiology  by  A.  Guyton) 
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